The maize endosperm-specific transcription factors opaque2 (O2) and prolamine-box binding factor (PBF) regulate storage protein zein genes. We show that they also control starch synthesis. The starch content in the PbfRNAi and o2 mutants was reduced by ∼5% and 11%, respectively, compared with normal genotypes. In the doublemutant PbfRNAi;o2, starch was decreased by 25%. Transcriptome analysis reveals that >1,000 genes were affected in each of the two mutants and in the double mutant; these genes were mainly enriched in sugar and protein metabolism. Pyruvate orthophosphate dikinase 1 and 2 (PPDKs) and starch synthase III (SSIII) are critical components in the starch biosynthetic enzyme complex. The expression of PPDK1, PPDK2, and SSIII and their protein levels are further reduced in the double mutants as compared with the single mutants. When the promoters of these genes were analyzed, we found a prolamine box and an O2 box that can be additively transactivated by PBF and O2. Starch synthase IIa (SSIIa, encoding another starch synthase for amylopectin) and starch branching enzyme 1 (SBEI, encoding one of the two main starch branching enzymes) are not directly regulated by PBF and O2, but their protein levels are significantly decreased in the o2 mutant and are further decreased in the double mutant, indicating that o2 and PbfRNAi may affect the levels of some other transcription factor(s) or mRNA regulatory factor(s) that in turn would affect the transcript and protein levels of SSIIa and SBEI. These findings show that three important traits-nutritional quality, calories, and yieldare linked through the same transcription factors.
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gene regulation | zein | starch synthesis | yield | breeding strategy M aize (Zea mays) is one of the most important food sources on earth. Its endosperm is composed of ∼70% starch and 10% protein. Although starch is the main source of calories consumed, protein provides the critical nutrients for our food supply. However, maize's nutritional quality is poor because its main storage protein, zein, is devoid of the essential amino acids lysine and tryptophan, and corn-based animal feed must be supplemented with soy protein and synthetic methionine. The classic mutant opaque2 (o2) was found to improve the seed nutritional value by reducing the synthesis of zein proteins (1) . O2 encodes an endosperm-specific bZIP transcription factor and mainly regulates the expression of α-and β-zein genes by recognizing the O2 box in their promoters (2) (3) (4) . For practical applications, however, the o2 mutant has multiple agronomic defects, i.e., soft texture, susceptibility to disease, and yield drop. Prolamine-box binding factor (PBF), another endosperm-specific transcription factor, belongs to the DOF family and regulates the expression of zein genes by recognizing the prolamine (P) box in their promoters (5, 6) .
Starch, the main contributor of kernel weight, is synthesized and assembled into semicrystalline starch granules by a suite of wellcharacterized enzymes in the starchy endosperm cells, including sucrose synthase (SUS), ADP-glucose pyrophosphorylase (AGP), soluble starch synthase (SS), granule-bound starch synthase (GBSS), starch branching enzyme (SBE), and starch debranching enzyme (DBE) (7, 8) . Waxy (GBSSI) is involved in the synthesis of amylose, whereas SSs are mainly involved in the synthesis of amylopectin, which is required for starch granule formation. Three starch synthases, i.e., SSI, SSIIa (Sugary2), and SSIII (Dull1) are preferentially expressed at the filling stage of the endosperm and are thought to be primarily responsible for amylopectin synthesis in the amyloplasts (7) (8) (9) . The functions of SSIIa and SSIII have been genetically proven by mutant analysis (10, 11) , but null mutants for SSI have not yet been identified. Interestingly, biochemical studies demonstrate that starch biosynthetic enzymes and proteins from multiple metabolic pathways associate with each other to form high-molecular-weight complexes in wheat and maize endosperm amyloplasts (12) (13) (14) . Almost all SSIII and SSIIa exist in the complex form and are considered regulators of starch biosynthesis as well as of enzymatic functions (14) . Pyruvate orthophosphate dikinase (PPDK) is a key enzyme for CO 2 fixation, which catalyzes pyruvate (PYR) to phosphoenolpyruvate (PEP) conversion in C4 photosynthesis (15) . This protein is also abundant in the nonphotosynthetic tissue of endosperm in C3 and C4 cereal grasses (16, 17) . Although the exact biological function of endosperm PPDK is still unclear, a small percentage of PPDK that exists in amyloplasts can associate stably with starch biosynthetic enzymes (14) , suggesting that endosperm PPDK might be involved in starch or other reserve synthesis. In addition to the starch biosynthetic pathway, the oxidative pentose phosphate pathway (oxPPP) is also thought to play an important role in endosperm starch synthesis (18) . A recent report showed that loss of 6-phosphogluconate dehydrogenase (PGD3) in oxPPP leads to severely reduced grain-fill phenotypes with reduced starch accumulation in maize (19) .
Significance
Nutritional quality and yield are equally important considerations in crop breeding, although they sometimes appear at odds. In this work we made the discovery that these traits are linked through regulation by two transcription factors. Mutations that affect the expression of these transcription factors can improve the nutritional quality of the seed but also can reduce kernel yield and hardness. Therefore future corn-breeding programs should silence zein genes directly, not by blocking transcription factors. Mutations of these starch biosynthetic genes generally cause a reduction in starch content and, in turn, the kernel yield (20) , but rare reports show that the transgenic manipulation of starch biosynthetic genes is able to increase them. A modified maize, Shrunken-2 (Sh2), encoding the large subunit of AGP (HS33/Rev6 Sh2) was transformed to enhance yield by increasing the seed number rather than the starch mass (21) . These facts suggest that increasing endosperm starch content by transgenic manipulation of starch biosynthetic genes is difficult to achieve because of the complexity of starch synthesis in endosperm. On the other hand, thus far there have been only a few reports regarding transcriptional regulation of starch synthesis in cereals. Among them, one barley WRKY transcription factor, SUSIBA2, and three maize transcription factors, ZmNAC36, ZmbZIP91, and ZmEREB156, are thought to regulate the expression of starch-synthetic genes based on transcriptional activation and/or EMSA assays of their promoters (22) (23) (24) (25) . Recently, a study in rice showed that OsbZIP58, the closest homologous protein of maize O2, regulates the expression of multiple genes in the starch biosynthetic pathways, and its null mutants cause abnormal seed morphology with decreased amounts of seed starch (26) . O2 and PBF control kernel nutritional quality by regulating the synthesis of storage zein proteins. Consistent with the temporal pattern of zein gene expression, the expression of the major starch-synthetic genes and enzymatic activities increases sharply and later decreases gradually between 10 and 35 days after pollination (DAP) (8, 9, 27) , suggesting that the transcriptional regulation of storage protein and starch synthesis in endosperm may be coordinated temporally by some common factors. Here, we show that O2 and PBF also regulate the endosperm starch synthesis and, in turn, kernel weight.
Results

Reduction of Seed Weight and Starch Content in PbfRNAi and o2
Mutants. The PbfRNAi and o2 mutants and their double mutant PbfRNAi;o2 mutant are all in the W64A background (28) . They all exhibit an opaque and soft endosperm phenotype. In addition, PbfRNAi;o2 also produces mildly shrunken kernels (Fig. 1A) . Measurement of 1,000-kernel weight (KW) and test weight (TW) showed that PbfRNAi alone had less effect than o2. In the PbfRNAi mutant the KW was not overtly altered, but the TW was reduced by 9%, whereas in the o2 mutant the KW and TW were reduced by 20% and 13%, respectively. Moreover, in the PbfRNAi;o2 double mutant the two yield parameters were reduced by 43% and 23%, respectively (Fig. 1B ). These results demonstrate that PBF and O2 affect kernel-weight traits additively.
To investigate the reduction in kernel weight further, we used SEM to examine starch granules in PbfRNAi, W64Ao2, and PbfRNAi;o2 mutants, which became gradually downsized in the peripheral and central regions of endosperm as compared with normal genotypes (NG) (Fig. 1C) , similar to the effects seen in some starch biosynthetic mutants (e.g., dull1) (20) . We then quantitatively measured the starch and soluble sugars content in mature dry mutant seeds (Fig. 1D ). Compared with NG, which contained around 65 mg starch per 100 mg dry seed flour, the starch content was reduced by ∼5% and 11% in PbfRNAi and W64Ao2, respectively. In PbfRNAi;o2 the starch content dropped more severely, by 25%, significantly lower than in the single mutants. In contrast to the reduction in starch, the levels of their soluble sugars increased in these mutants by 58%, 55%, and 86%, respectively, compared with NG, which contained 2.8 mg soluble sugars per 100 mg dry seed flour. This pattern of inverse accumulation of starch and soluble sugars in the three mutants was reminiscent of the patterns seen in starch biosynthetic mutants (20) , implying that PbfRNAi and o2 probably decrease kernel weight by affecting starch synthesis.
Moreover, O2 appears to have a dosage effect on the starch content and kernel weight. Taking advantage of triploid endosperm, we were able to create seeds with two dosages or one dosage of O2 by reciprocally crossing W64A and W64Ao2 (Fig.  1E) . Apparently, the starch contents of kernels with two dosages, one dosage, and zero dosage of O2 were decreased gradually by 2%, 4%, and 12%, respectively, compared with NG with three dosages (Fig. 1F) . Consequently, the KWs were accordingly decreased by 4%, 13%, and 28%, respectively (Fig. 1F) . This result differs from the regulation of storage protein transcription, in which the opaque phenotype is not dosage dependent but is recessive. (The seeds used in the experiment shown in Fig. 1F were propagated in 2014, and those used in the experiment shown in Fig. 1 A-D were grown in 2015.) This observation was consistent with a previous report that starch synthetic enzymes also have a dosage effect on the starch content in maize endosperm (29) .
Down-Regulation of PPDKs, SSIII, SSIIa, and SBEI in PbfRNAi and o2
Mutants. To investigate the downstream gene network that PBF and O2 cooperatively regulate in the developing endosperm, endosperms of NG, PbfRNAi, o2, and PbfRNAi;o2 seeds were harvested at 16 DAP, and transcriptome analysis was performed by RNA-sequencing (RNA-seq) as described in Materials and Methods. About 82% of the raw reads from each sample were mapped to the annotated gene-coding regions (Table S1 ). Based on the global FPKM-expressing values, principal component and hierarchical cluster analysis showed that the three biological replicates of each sample were clustered into one group (Fig. S1 A and B) . On average 21,788 expressed genes were detected for each sample (Fig. S1C) , consistent with the previous transcriptome analysis of developing endosperms (9, 28) . A total of 1,296 up-regulated and 1,513 down-regulated genes were detected on average in the three mutants compared with NG ( Fig. S1D and Dataset S1). Furthermore, carbohydrate-and amino acid metabolism-related Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were preferentially enriched in the differentially expressed genes of o2 and PbfRNAi;o2 mutants (Dataset S2). For example, lysine degradation, which is related to the nutritional quality and is under regulation by O2 (30), was significantly enriched in the down-regulated genes of the o2 and PbfRNAi;o2 mutants. The Gene Ontology (GO) terms associated with ribosome, translation, protein folding, and so forth were also enriched in the differentially expressed genes in the three mutants, especially in PbfRNAi;o2 (Dataset S2), consistent with the recent study of the O2 regulatory network (31) . Among them, the nutrient reservoir activity (GO: 0045735), mainly containing zein genes, was significantly enriched in the down-regulated genes of all of the three mutants. In general, these results indicate that sugar and protein metabolism were significantly affected in the three mutants.
To examine whether starch reduction in the three mutants is directly related to the changes in the expression of genes involved in starch synthesis, we analyzed the transcript levels of starch biosynthetic pathway genes preferentially expressed in the filling stage of endosperm and PPDK as a component of starch synthetic complexes (9, 14) and also the transcript levels of oxidative pentose phosphate pathway genes closely related with starch synthesis (Tables S2 and S3 ) (18, 19) . The most recent study of the o2 transcriptome showed that O2 regulated the expression of endosperm PPDK1 and PPDK2 (31). More specifically, we found that their expression was mildly downregulated in PbfRNAi but was significantly reduced in o2 and in the double mutant PbfRNAi;o2 compared with NG ( Fig. 2A) . In addition, the expression of 11 starch biosynthetic genes, SSIII, SSI, Su1, and SSIIa was down-regulated in o2 and/or PbfRNAi;o2, whereas Su1 and Zpu1 levels were up-regulated in PbfRNAi (all based on t test analysis) (Fig. 2A) . To confirm the RNA-seq data, we performed quantitative RT-PCR to analyze the expression of these genes individually in the three mutants and found overall correlation between the two datasets (Fig. 2B) .
Consistent with the RNA transcript levels, the protein levels of PPDK, SSIII, and SSIIa in 18-DAP endosperms were reduced in the o2 mutant and were decreased further in the double mutant ( Fig. 2 B and C) . Although the RNA transcript level of SBEI was not significantly decreased in the o2 mutant, its protein level was lower than those in NG and PbfRNAi. Like PPDK, SSIII, and SSIIa, its protein content was most severely affected in the PbfRNAi;o2 double mutant (Fig. 2C) . Furthermore, immunoblotting analysis of starch synthetic enzymes in 24-DAP and 32-DAP endosperms demonstrated that protein levels of PPDKs, SSIII, SSIIa, and SBEI were more reduced in the double mutant than in NG or in the two single mutants (Fig. S2) . These results indicate a strong correlation between the reduction of starch synthesis in the o2 and PbfRNAi;o2 mutants and the downregulation of genes encoding starch biosynthetic enzymes.
Activation of the PPDK and SSIII Promoters by PBF and O2. To investigate whether this correlation can be explained by direct transactivation of these starch-synthetic genes with PBF and O2, the dual luciferase transcriptional activity assay was used. In this system, the reporter construct contains two luciferase cassettes, one being the Renilla LUC (REN) reporter gene driven by the 35S promoter (35S-REN) that is used as an internal control, and the other being the firefly luciferase (LUC) driven by the target gene promoter (Fig. 3A) . Here, the starch synthetic gene promoters were fused with LUC, giving rise to 13 reporter constructs. The effectors were 35S-O2 and 35S-PBF (Fig. 3A and  Fig. S3 ). Consistent with previous reports that O2 regulates PPDK1 and PPDK2 (31, 32), coexpression of Pppdk1-LUC or Pppdk2-LUC with 35S-O2 resulted in a 17-or 44-fold increase in LUC activity, respectively, compared with the control. Although 35S-PBF alone had limited activation on the two promoters, the combination of 35S-PBF and 35S-O2 caused 50-and 80-fold increases in LUC signal, indicating that PBF and O2 provide additive activation of the PPDK1 and PPDK2 promoters (Fig.  3A) . For the SSIII promoter, both 35S-PBF and 35S-O2 alone exerted strong activation on its transcription, yielding 15-and 35-fold enhancement in LUC activity, respectively. When P SSIII -LUC was coexpressed with 35S-PBF and 35S-O2, the activation was apparently expressed as an additive action, resulting in a 64-fold increase in LUC activity (Fig. 3A) . However, promoters of SSIIa and SBEI were not activated by PBF and O2 (Fig. 3A) . Similar results were seen for the other eight starch synthetic gene promoters, none of which was activated by PBF and O2 (Fig. S3 ).
PBF and O2 Bind the P and O2 Boxes in the PPDK and SSIII Promoters.
PBF and O2 belong to the DOF and bZIP transcription factor families, which recognize a motif containing the AAAG (P box) and ACGT (O2 box) core element, respectively. We found that both the P and O2 box are present in the first 500 bp of the PPDK1, PPDK2, and SSIII promoters (Fig. S4) . Interestingly, the core elements of the P and O2 boxes were side by side in the PPDK1 and PPDK2 promoters (Fig. S4) . In the SSIII promoter, the two elements were separated by 25 bp, similar to the separation in the 22-kDa α-zein promoters (6) . EMSA was used to test whether the two boxes are specifically recognized by PBF and O2. Because the P and O2 boxes are too close to one another in the two PPDK promoters, 55-bp (PPDK1) and 51-bp (PPDK2) oligonucleotides spanning the two boxes were used to examine the binding affinity. Binding of His-O2 and His-PBF fusion proteins to the probes could be visualized as retarded bands in the gel. The results reveal that the two probes are bound by O2 and PBF (Fig.  3B ). It appears that O2 and PBF have a stronger affinity for the PPDK1 probe than for the PPDK2 probe. When the P and O2 boxes in the two probes were mutated, the corresponding retarded bands were abolished. The binding specificity was verified by the addition of unlabeled intact probes in the reaction, resulting in a gradual loss of all retarded bands (Fig. 3B) . Similar results were obtained for the two probes from the SSIII promoter, each bearing only the P or the O2 box, showing that they were specifically bound by PBF and O2, respectively (Fig. 3C ). This line of 
The Pentose Phosphate Pathway Is Affected in PbfRNAi and o2
Mutants. Because the pentose phosphate pathway is also important for starch synthesis in endosperm, we investigated the expression of genes in this pathway (Tables S2 and S3) . Among these genes, the transcript levels of three glucose-6-phosphate dehydrogenases, one 6-phosphogluconolactonase, three 6-phosphogluconate dehydrogenases, one ribose 5-phosphate isomerase, two ribulose-phosphate 3-epimerases, one transketolase, and two transaldolases were significantly down-regulated based on t test analysis in PbfRNAi, o2, and/or PbfRNAi;o2 mutants compared with NG (Fig. S5A) . We also conducted quantitative RT-PCR to validate 11 of the 13 down-regulated genes in the three mutants and found overall similar patterns, as revealed by the RNA-seq data (Fig. S5B) , indicating that decrease in starch in PbfRNAi and o2 might be caused, at least in part, by the down-regulation of the pentose phosphate pathway. To investigate whether PBF and O2 could regulate the genes in this pathway directly, promoters of 12 down-regulated genes were amplified for the transcriptional activation assay. It revealed that several promoters could be transactivated by PBF or O2, but none of them additively (Fig. S6) .
Discussion
Storage protein and starch synthesis are temporally coordinated during maize endosperm development through a transcriptional regulatory network linking the two different synthetic processes (8, 9, 27 ). This coordination is now supported by genetic and molecular evidence. PBF and O2 are two endosperm-specific transcription factors that are specifically expressed from 8 to 10 DAP. The two transcription factors control 89% of zein transcription (28) . Zein mRNAs then are translated on the polyribosomes of the rough endoplasmic reticulum (RER), and the resulting proteins are translocated into the lumen of the RER, where they are assembled into protein bodies (33) . In contrast to storage proteins, which have no known enzymatic function, starch biosynthesis is far more complex because the respective genes encode enzymes that are organized in interacting protein complexes and assemblies to produce mature starch granules. In fact, starch is synthesized by a series of combined reactions of a fine-tuned enzyme complex and is assembled into semicrystalline starch granules as end products. In total, 11 starch-synthetic genes in maize endosperm have been cloned (7), although some of their functions are not fully understood. Because of the lack of null mutants of PPDKs in maize, their functions could not clearly be elucidated. Based on their activity in catalyzing reversible conversion between PYR and PEP, it has been hypothesized that they are involved in the synthesis and regulatory balancing of amino acids, protein, starch, and lipids. In addition, PPDKs also have been shown to be components of the starch synthetic complex and to modulate starch synthesis by interacting with other enzymes in the complex. In fact, RNA-seq transcriptome analysis of immature endosperm reveals that the expression of 13 genes increases sharply between 8 and 10 DAP, paralleling the temporal expression pattern of storage protein zein genes (9) . Previous studies showed that the level of zein proteins was reduced markedly in the o2 mutant and was reduced further in the double mutant PbfRNAi;o2. When measuring kernel weight, we found that the KW was reduced by 20% and 43% in the o2 and PbfRNAi;o2 mutants, respectively. The TW for the two mutants also was reduced, by 13% and 23%, respectively. However, it is not likely that the reduction of zein proteins contributes significantly to the loss of kernel weight, because in total zein proteins account for only about 6% of the dry seed flour in NG. Moreover, the decrease in zein protein accumulation would result in a compensatory increase in non-zein protein synthesis, which maintains the total protein content in a relatively constant range at maturity (28) . In contrast, starch constitutes around 70% of the dry seed mass and therefore is the most preponderant substance in determining the kernel weight. Indeed, SEM showed that the starch granules were progressively smaller in the PbfRNAi, o2, and PbfRNAi;o2 mutants, correlating well with the KW value. Further chemical quantification showed that the starch contents in the three mutants were decreased by 5%, 11%, and 25% (Fig. 1D) . We noted that the parameters of KW, TW, and starch content were affected far more severely in the PbfRNAi;o2 double mutant than in the o2 mutant; however, PbfRNAi alone had limited influence, indicating that O2 is the main factor and acts additively with PBF, affecting starch and protein composition in parallel. Still, elevated expression of PBF, when introgressed from teosinte, is associated with increased kernel weight in inbred W22 (34) .
O2 regulates many other genes in addition to zein genes. Likewise, PBF could participate in a more extensive regulatory network because of the pleiotropic phenotype of seeds, which is not yet completely understood. Previous research indicated that O2 probably is involved in the regulation of starch synthesis (35) (36) (37) (38) (39) . Here, we found that the starch content and kernel weight were positively correlated to the O2 dosage ( Fig. 1 E and F) . However, it had been unclear whether O2 directly regulated some, if not all, the starch-synthetic genes. Moreover, there previously was no genetic evidence for the regulatory role of PBF in this pathway. Taking advantage of RNA-seq transcriptome analysis, we found that more than 1,000 genes were down-regulated or up-regulated in PbfRNAi and o2 mutants and that the differentially expressed genes were mainly enriched in the sugar and protein metabolism pathways. Among the down-regulated genes, the RNA transcript and/or protein levels of endosperm PPDKs and three starch biosynthetic genes, SSIII, SSIIa, and SBEI, were reduced in developing endosperms in PbfRNAi and o2 background. Using the dual luciferase assay and EMSA, we then verified that PBF and O2 could cooperatively activate the PPDK1, PPDK2, and SSIII promoters by recognizing the respective P and O2 boxes. However, the two transcription factors failed to activate the SSIIa and SBEI promoters (Fig. 3) . One possible explanation for this apparent discrepancy is that o2 and PbfRNAi may affect the levels of some other transcription factor(s) or other type of mRNA regulatory factor(s) and thereby affect the transcript and protein levels of SSIIa and SBEI. This study indicates that PbfRNAi and o2 mutations are able to cause direct and indirect defects in starch synthesis.
In starch synthesis, some of the enzymes are assembled into a well-coordinated machinery complex in which the physical association of SSIII with other enzymes, including PPDK, has been proposed to play a critical role in regulatory interactions. Although PPDKs themselves are not likely to be involved directly in any catalytic step of starch synthesis, it has been proposed that they function as a modulator of the complex. Coimmunoprecipitation assays also indicated that PPDK, SSIII, SSIIa, and SBEI are associated with one other (Fig. S7) , as is consistent with previous reports (13, 14) . Therefore we modeled the impact of PBF and O2 on the regulation of kernel nutritional quality and yield, as shown in Fig. 4 . The reduction or absence of both transcription factors can raise the nutritional quality of maize but at the same time reduce starch synthesis and therefore yield. Zein proteins are devoid of lysine and tryptophan. Mutations in Pbf and O2 enhance the nutritional value because of the reduction of zein proteins and the compensatory increase of non-zein proteins. On the other hand, PBF and O2 directly regulate PPDKs and the starch synthetic gene SSIII and also indirectly regulate SSIIa and SBEI. In PbfRNAi and o2, the down-regulation of SSIII, SSIIa, and SBEI might directly cause decreased synthesis of starch. In addition, because PPDKs and SSIII are components of the enzyme complex and are associated with other enzymes, their reduction probably would affect the efficiency with which the components of the complex are assembled into an integral structure or the stability of the complex in o2 or PbfRNAi;o2 mutants (Fig. 2C) and consequently would result in reduced starch synthesis. Furthermore, O2 and PBF regulate more than 1,000 genes, at least indirectly, and their mutations have a pleiotropic effect on endosperm development. It is very likely that other affected genes and pathways related to central metabolism [e.g., the pentose phosphate pathway (Fig. S5) ] contribute to the decrease in starch (Fig. 4) (19) . Given these results, the use of RNAi specifically against the expression of zein genes in the production of Quality Protein Maize (QPM) may be more effective than the classic o2 mutation, not only because α-zein RNAi is dominant but also because it does not reduce yield, as results, at least in part, from the starch biosynthesis defect demonstrated here (40, 41) .
Methods and Materials
Genetic materials and molecular procedures, such as measurement of soluble sugars and starch in the mature dry seeds, RNA-seq analysis, quantitative RT-PCR, analysis of the relative expression of the starch-synthetic genes and PPDKs, generation of antibodies, immunoblot analysis, coimmunoprecipitation and the dual luciferase assays, and EMSA are described in SI Materials and Methods. Primers are listed in Table S4 .
